High quality CoFe2O4 nanoparticles were synthesized using a one-pot, microwave assisted method, that allows forming stable colloidal solutions in alcoholic solvents, as required for the preparation by Chemical Solution Deposition of hybrid nanocomposite ferromagnetic-high Tc YBa2Cu3O7 superconducting films or devices. We have investigated how the thermal process necessary for the preparation of such epitaxial nanocomposites, involving high temperatures (800 °C) and oxygen partial pressures (1 atm), affects the structure and magnetic properties of the isolated nanoparticles. The NPs were fully characterised by XRD, SQUID, STEM-EELS and XMCD at four different stages of the thermal process. Results show that, despite intermediate changes in the cation distribution occur during the process, the final NP magnetization is stable against the thermal treatment.
Introduction
Cobalt ferrite (CoFe2O4) nanoparticles, generally presenting a high magnetic anisotropy, are of high technological interest for application in electronic devices,1 high density magnetic recording,2 contrast agents in medical resonance imaging,3 gas sensors4etc… This has motivated the development of many different methods for the synthesis of CoFe2O4 nanoparticles (NPs), including hydrothermal methods,5,6 sol-gel processes,7 co-precipitation,8,9 solvothermal decomposition10,11etc. By using these techniques, nanocrystals with different morphologies, such as cubes,5,12 spheres,5,6 and pseudospheres,13 have been obtained.
Iron(III) reducing bacterium has also been utilized for the extracellular production of NPs.14 Recently, a novel one-pot synthesis method for CoFe2O4 NPs from bimetallic pivalate clusters as single-source precursors has been reported. 15 At present, CoFe2O4 NPs are considered good potential candidates for the fabrication of hybrid, high Tc superconductor-ferromagnetic nanocomposites. It has already been shown that the incorporation of non-magnetic secondary phases into YBa2Cu3O7 (YBCO) strongly increases the vortex pinning efficiency,16,17 ultimately determining the current performance of the material. A new concept is to introduce pre-formed ferromagnetic NPs into YBCO, which may induce additional sources of "ferromagnetic pinning". 18 This would additionally allow the investigation of the interplay between superconductivity and ferromagnetism, which has been traditionally considered as an antagonistic phenomenon. 19, 20 There is currently much interest to develop hybrid YBCO nanocomposites with embedded ferrite NPs that can be prepared by means of Chemical Solution Deposition (CSD), an economically and industrially scalable method. 21 For this application, the ex situ grown magnetic NPs must be stable in the highly ionic YBCO solution. In previous studies, we have reported the development of two methods, the solvothermal and microwave (MW) radiation assisted routes allowing the synthesis of ferrite MFe2O422, 23 and Fe3O4 NPs with a controllable size and shape,23 which can be dispersed in several polar media, in particular in the alcoholic solvent used for YBCO growth. The fine structure of high quality, spherical MFe2O4 (M = Mn, Fe, Co, Ni, Zn, Cu) NPs of size <5 nm prepared using these methods was reported in ref. 24 .
The epitaxial growth of ex situ nanocomposite films onto single crystalline substrates starting from a colloidal preformed solution requires a thermal treatment involving temperatures up to 800 °C and 200 ppm of O2, and an oxygenation process at an oxygen partial pressure of 1 atm.21,25 Such a stringent thermal process may have a strong influence on the structure, cation distribution and, thus, the final magnetic properties of the NPs.26 Therefore, it is important to understand its effect on the isolated CoFe2O4 NPs, prior to their stabilization inside the YBCO matrix.
Herein, we report on the effect of a thermal process, mimicking that required for the growth of hybrid YBCO nanocomposites, on CoFe2O4 NPs grown using the MW one-pot method. The NPs were characterized by powder X-Ray Diffraction (XRD), Scanning Transmission Electron Microscopy (STEM) and Electron Energy Loss Spectroscopy (EELS); the magnetic properties were investigated using SQUID magnetometry and X-ray Magnetic Circular Dichroism (XMCD). XMCD at the Fe and Co edges, combined with Multiplet Ligand Field (LFM) simulations, allowed us to determine the cation site occupancy distribution, and quantify the evolution of the cation's moments and the total magnetic moment per formula unit of the NPs at different stages of the thermal process.
Experimental section Samples
CoFe2O4 nanoparticles were synthesized following the microwave-assisted route previously described:22 0.64 mmol of iron(III) acetylacetonate (97%) [Fe(acac)3] was suspended together with 0.32 mMol of cobalt(II) acetylacetonate [Co(acac)2] to 12.5 ml of triethylene glycol (TREG) 99%. The solution was homogenized by using an ultrasound bath for 10 min. The initial red solution was transferred to a 35 ml specific microwave vial with a magnetic stirrer. Thus, the solution was quickly heated by microwave radiation (300 W, 2450 MHz) until 220 °C, keeping this temperature constant for 10 min. Then the solution was cooled naturally to room temperature.
After the synthesis, the CoFe2O4 nanoparticles were washed from the TREG solution by adding several times a mixture of ethylacetate : ethanol 4 : 1 (12.5 ml), and recovering the nanoparticles by magnetic precipitation. Finally, the CoFe2O4 NPs were redispersed in methanol anhydrous (25 mL), obtaining a 13 mMol black CoFe2O4 colloidal dispersion. Methanol solvent was preferred over ethanol, used in our previous work, 22 because the former would be more adequate for the ulterior growth of YBCO nanocomposites from trifluoracetate (TFA) precursor solutions.
In order to prepare YBCO films with embedded CoFe2O4 (using the same method we successfully used to grow other types of nanocomposites 21 ), after depositing the colloidal solution onto a crystalline substrate, it would be necessary to subject the film to a thermal treatment, basically including two steps: a pyrolysis process, to eliminate the excess of organic content present in the solution, and a growth step, during which the YBCO thin film would be formed. So as to analyse the effect of the thermal process on the NPs, before embedding them in the YBCO matrix, we applied the same thermal process to as synthesized CoFe2O4 NPs (S1), and studied the NPs after the pyrolysis step (S2), at an intermediate stage during the growth process (quench, S3) and at the end of the growth-oxygenation process (S4), see Fig. 1 .
Fig. 1
The NPs were subjected to the thermal treatment that would be required to generate YBCO + CoFe2O4nanocomposites by CSD. We studied NPs at 4 different states: as synthesized (S1), after the pyrolysis process (S2), after quenching at 800 °C (S3) and at the end of the growth-oxygenation process (S4).
Characterization
X-ray diffraction. The crystallinity of the different NPs was verified by X-ray diffraction, using a Phillips XPert diffractometer equipped with two goniometers and a Cu tube. For the X-ray measurements the NPs were dried under a N2 atmosphere until a powder was formed. This powder was subjected to the different processing conditions (pyrolysis, quenching and growth processes). After each step the powder was pulverized using a quartz mortar and then placed in a Si holder to place it in the equipment.
STEM-EELS.
Scanning transmission electron microscopy observations were carried out in an aberrationcorrected JEOL JEM-ARM200 CF, operated at 200 kV and equipped with a cold field emission gun and a Gatan quantum electron energy-loss spectrometer (EELS). The nanoparticles were dispersed on a holey carbon coated grid for electron microscopy observations. SQUID magnetometry. Magnetic measurements were performed using a Quantum Design SQUID magnetometer equipped with a 9 T magnet. Zero-field-cooled (ZFC) and field-cooled (FC) magnetizations were recorded over the 5-300 K temperature range with an applied magnetic field of 50 Oe. M(H) cycles from −7 to 7 T, performed at 1.8 K and 300 K, were conducted after a ZFC process. Measurements were carried out on dried NPs (ca. 1 μm) immobilized in vacuum grease. Thermogravimetric analyses (TGA) were performed on NPs of the same batch to determine the percentage of the organic ligand remaining on the surface of the NPs (around 20% for the synthesized NPs). 22 Reported SQUID magnetic moments in emu g −1 have been corrected for the amount of organic material, and are affected by a ∼5% error.
XAS & XMCD. X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD)
experiments at the Fe and Co L2,3 edges were performed at BOREAS beamline at ALBA Synchrotron in Barcelona in Total Electron Yield (TEY) detection and a 100% circular polarization rate. The NPs were mounted on carbon tape attached to a copper sample holder. X-ray magnetic circular dichroism (XMCD) spectra were obtained at 300 K, 6 T as the difference between two XAS spectra with negative and positive helicities.
LFM calculations. XAS and XMCD spectra were simulated within the Ligand Field Multiplet (LFM) model using the CTM4XAS 5.0 program, 27 including spin-orbit coupling, crystal field (CF) effects and reduction of the Slater integrals F(dd), F(pd) and G(pd) to include the interatomic configuration interaction.
Results
In this section, we present the structural and magnetic characterisation of the as synthesized CoFe2O4 NPs (S1), pyrolized NPs (S2), quenched NPs (S3) and NPs at the end of the growth and oxygenation process (S4).
X-ray diffraction results
Fig . 2 shows the XRD patterns obtained from CoFe2O4 NPs at the four stages of the thermal process. All samples exhibited reflection peaks consistent with the spinel cubic structure of cobalt ferrite, according to the ICDD 04-016-3954 standard. After the quenching and growth processes, an overall narrowing of the individual diffraction peaks is observed, which is assigned to a coarsening of the NPs. The average crystallite sizes were calculated using Debye-Scherrer's equation applied to the most intense (311) diffraction peak, and found to be 4 nm (S1) and 5 nm (S2). For samples S3 and S4 the narrowness of the peak (311), similar to that expected for bulk material, hindered the application of the Debye-Scherrer's equation, so it can only be estimated that NP size is >100 nm. 
SQUID magnetometry results
The field-dependent magnetization of all the samples at T = 1.8 K (Fig. 3a) ) and the coercive field increases to Hc = 15.6 kOe. However, after the quenching (S3) and at the end of the growth process (S4), the initial saturation magnetization values and coercive fields are recovered. Oe, which are typical of small, dispersed superparamagnetic NPs. For S1 the peak temperature, Tmax = 95 K, is only somewhat below the crossing point between the two curves, signalling the blocking temperature TB = 120 K. In contrast, for the coarsened NPs S3 and S4 no blocking in the FC/ZFC was observed up to 300 K. Fig. 3c show the evolution from ferromagnetic to superparamagnetic behaviour across TB for the as synthesized NPs (S1). The saturation magnetization decreases only slightly, as expected for CoFe2O4 NPs, to ∼75.3 emu g −1 at 300 K.
The isothermal M(H) curves in
The M(H) curves of all the NPs at 300 K are shown in Fig. 3d . The curves of the small sized NPs S1 and S2
NPs show superparamagnetic behaviour, while those of S3 and S4 preserve a small coercivity of 0.5 and 1 kOe, respectively.
The XRD and magnetometry results considered altogether seem to indicate that the pyrolysis process does not modify the NP size, but decreases the macroscopic saturation magnetization. The quenching and growth process produce significant NP coarsening, but good crystallinity is preserved, and the magnetization is bulklike, similar to that of grown NPs.
STEM-EELS results
Further insight into the NP size, structure and electronic distribution was obtained by STEM-EELS analysis (Fig. 4) . The STEM images of the synthesized and pyrolized CoFe2O4 NPs, Fig. 4a and b, confirm the high crystalline quality, and the size of the NPs (4-6 nm) is in good agreement with XRD results. On the other hand, the significant coarsening of the NPs after the quenching and growth process is evidenced in Fig. 4c and d, respectively, as already observed by XRD. Conversely, for Co the oxidation state decreases with the L23 ratio.31,32
Fig . 4e shows the comparison of the O K-edge features of all studied NPs. Notice that the signal from the synthesized S1 and grown S4 NPs (in black and green, respectively) presents a higher pre-peak intensity compared to the one from the pyrolized S2 and quenched S3 (in red and blue, respectively).
Co and Fe L-edges also show differences between the CoFe2O4 NPs, Fig. 4f and g, respectively. The Fe and Co L2 peaks of the synthesized S1 and grown S4 NPs (in black and green, respectively) have lower intensity than those from the pyrolized S2 and quenched S3 ones (in red and blue, respectively).
All these changes can be quantified. In the case of the O K-edge peak, the normalized O K pre-peak intensity has been used to quantify these changes. To do so, Gaussian curves are fitted to both the pre-peak and the main peak. 33 In Fig. 5a , we present the values of the O K-edge normalised pre-peak intensity, showing that the pyrolized and quenched NPs were reduced when subjected to those thermal processes. For Fe and Co L-edges we have used the so-called 2nd derivative method to obtain the L2,3 ratios,34Fig. 5b
and c. The evolution of the Fe L2,3 ratio, following the same trend as the O K-edge, shows that in the pyrolized and quenched NPs iron has reduced; in contrast Co at those stages has oxidised.
XAS & XMCD results
X-ray absorption (XAS) and magnetic circular dichroism (XMCD) measurements at the Fe L2,3 and Co L2,3 edges were performed to gain insight into the oxidation state and site occupancy of the Fe and Co atoms in the NPs at the four different thermal process stages S1-S4. Measurements were carried out at 300 K at a magnetic field of 6 T at which NPs are well saturated. XMCD data for the pyrolized CoFe2O4 NPs (black) and the fit using LFM calculations (red).
To quantify the cation distribution over the three Fe sites, the experimental XMCD of each sample was fitted using a linear combination of the LFM calculated spectra for each site. For these simulations, we used parameters close to those described in ref. 12 : the CF parameters were 10Dq = 1.5 eV, 1.2 eV, −0.6 eV for Fe3+Oh, Fe2+Oh, Fe3+Td, respectively; a Slater reduction of 70%, 80%, 75% was used to F(dd), F(pd) and G(pd). The results were convoluted by a Lorentzian of Γ = 0.3(0.5) eV for the L3(L2) edge to account for intrinsic core-hole lifetime broadening, and by a Gaussian of σ = 0.2 eV to account for instrumental broadening.
As an example, we show the LFM calculated XMCD spectra for Fe2+Oh, Fe3+Td and Fe3+Oh cations (Fig. 6c ) and the fit of the experimental XMCD with a linear combination of the three (Fig. 6d) , for the pyrolized NPs. The determined Fe cation distribution for all studied samples is summarized in Table 1 . We turn now to the results at the Co L2,3 edge (Fig. 7) . The XAS & XMCD spectra (Fig. 7a, left and right) notably change from S1 to S4. This is especially clear looking at the fine structure of the L3 XAS and the asymmetry of the L2 XAS peak. For synthesized NPs, the L3 XAS peak shows a high intensity, twined peak (777.6, 779.9 eV) and a lower peak at higher energy (780.7 eV). In contrast, in the pyrolized and quenched NPs (S2 and S3), these two peaks have a similar intensity. Notice that for grown NPs S4 the spectra look more similar to that of synthesized NPs S1. Oh sites (97%) and a minor fraction in Co
2+
Td sites (3%). In contrast, to account for the experimental data of NPs in the three late heating stages, an additional contribution of Co 3+ cations had to be necessarily included. For example, Fig. 7d shows the fit of the pyrolized NP (S2) XAS & XMCD data using a linear combination of the four LFM calculated Co2+Oh, Co2+Td, Co3+Oh and Co3+Td spectra, depicted in Fig. 7b and c. Table 1 summarizes the site occupancy for Fe and Co atoms found for all the NPs. For the synthesized NPs S1, the cation distribution is similar to that reported for one-pot synthesized CoFe2O4 NPs from bimetallic pivalate clusters. 15 On the other hand, the cation occupancies found for S1 in this work are somewhat different (the %Fe/Co Td ratio is larger) than those found by neutron diffraction 24 for NPs prepared by the MW route and stabilized in ethanol, 22 which had a ∼20% smaller magnetic moment per formula unit. TREG aging causes the generation of different length polyol chains,38 something that could justify the cationic distribution differences found.
Using the table's occupancies, the average iron and cobalt oxidation states, 〈Fe The number of holes per specific cation was calculated as n h = 10 − n 3d , where n 3d was taken as 5. ). We emphasize here that the magnetic moments obtained from the XMCD sum rules give the "averaged" magnetic moments per cation within the ferrite sample formula unit, i.e., the antiferromagnetic alignment, non-ideal spinel inversion, and variations in cation valences are inherent to the resulting numbers and thus lower than the expected ionic values per cation. The magnetic moment per unit formula as determined from XMCD was quantified as 36 mCoFe2O4 = 2mFe + mCo. Fig. 8b compares the XMCD determined mCoFe2O4 with the value determined from SQUID magnetometry (in μB/f.u.), at the same temperature. For the interpretation of the results, it should be reminded that XMCD in the TEY detection mode is just sensitive to the first ∼6 nm of sample, whereas SQUID magnetometry is a macroscopic measurement. In the synthesized (S1) and pyrolized (S2) stages the NPs are <5
nm; in this case XMCD and SQUID obtained mCoFe2O4 values are coincident within the error, as both represent the average magnetic moment per unit formula of the whole NP. The decrease in mCoFe2O4 after the pyrolysis is similarly observed by both techniques.
In contrast, after the quenching (S3) and growth (S4) processes, the NP's size is >100 nm, according to XRD. Therefore, the XMCD determined mCoFe2O4 value corresponds mainly to the surface, whereas the SQUID mCoFe2O4 value is majorly due to the core contribution. As shown in Fig. 8b , at stages S3 and S4 the mCoFe2O4 values found by XMCD are smaller than those obtained by SQUID, indicating that the thermal process has mainly affected the NPs' surface.
Conclusions
High quality CoFe2O4 nanoparticles were synthesized by a one-pot, microwave-radiation assisted route, allowing their dispersion in an alcoholic solvent, as necessary for the preparation of YBCO nanocomposites by Chemical Solution Deposition. The growth of hybrid films using this method would require subjecting the sample to a thermal process involving stringent temperature and oxygen pressure conditions. In this work, we have investigated how this thermal process affects the structure and magnetic properties of the nanoparticles alone, by combining different techniques: X-Ray Diffraction (XRD), Superconducting Quantum Interference Device magnetometry (SQUID), Scanning Tunneling Electron Microscopy (STEM), Electron Energy Loss Spectroscopy (EELS) and X-ray magnetic circular dichroism (XMCD). Results have allowed us to draw the following conclusions:
The synthesized nanoparticles (S1) have small sizes (4 nm) and high crystallinity, as shown by STEM and XRD; they display high macroscopic saturation magnetization (85.7 emu g −1 ) at 1.8 K and are superparamagnetic at room temperature.
After the pyrolysis process (S2), the nanoparticle size remains unchanged (5 nm, XRD results). A 30% decrease of the saturation magnetization is observed, which is associated with the oxidation of a fraction of Co 2+ ions to Co
3+
, and the concomitant increasing occupation of Td sites by Co atoms.
In the subsequent step, the nanoparticles are heated at a high rate (25 °C min −1 ) to a high temperature (800 °C) under low oxygen partial pressure. This process results in a major coarsening of the nanoparticles (>100 nm) quenched at this stage (S3), as evidenced from XRD peak narrowing, and the NPs are no longer superparamagnetic at room temperature. The surface of the NPs still contains oxidized Co ions, as evidenced from XMCD measurements in Total Electron Yield, only sensitive to the outermost 6 nm shell. However, the SQUID macroscopic magnetic saturation, dominated by the major core contribution, displays a bulk, recovered value.
In the subsequent step of the thermal process, the temperature is decreased to 420 °C and the NPs are subjected to an O2pressure of 1 atm for a long time (∼500'). The grown nanoparticles (S4) present Fe(Co) surface atoms oxidized (reduced) compared to the previous stage, however the overall macroscopic saturation magnetization Ms is as high as that of the synthesized nanoparticles. The decreasing contribution from the surface shell with increasing particle size results in high values of Ms at the highest calcining temperatures.
Similar size effects in CoFe2O4 nanoparticles have earlier been reported. [45] [46] [47] [48] In conclusion, we have demonstrated the magnetic stability of the CoFe2O4 nanoparticles against the thermal process needed for the preparation of YBCO nanocomposites. This result paves the way for the flexible, lowcost fabrication by chemical-solution methods of flexible, low cost hybrid YBCO superconducting films with ex situ grown ferromagnetic nanoparticles.
